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Introduction
Natural and synthetic polymers are used in the field of biomedical materials and tissue engineering in a variety of applications, including among others drug delivery, novel vascular grafts or scaffolds for in vitro and in vivo tissue engineering [1] . These polymers are available in a variety of configurations, including fibres, porous sponges and tubular structures [2] . Tissue engineering approaches typically employ scaffolds made of three-dimensional mimetics of the extracellular matrix (ECMs) to engineer new natural tissues from isolated cells. The scaffolds can be design as macroporous synthetic ECMs, which can regulate the organization of cells seeded into the matrix and its subsequent proliferation to form new tissues. Also, polymeric nanofibre matrices are one of the most promising tissue engineering biomaterials because their physical structure is similar to the fibrous proteins in native ECM. However, nanomaterials have unusual properties not found in the bulk material, and this is an important issue because nano-scale and high aspect ratio gives rise to different biological effects compared to micro-and macro-materials [3] [4] [5] [6] .
Cellulose is a naturally occurring linear homo-polymer of glucose, the most widespread polymer in nature [7] . Cellulose-based materials, such as oxidized cellulose and regenerated cellulose hydrogels, are mainly used in wound healing, as hemostatic agents, hemodialysis membranes and drug-releasing scaffolds [1, 8, 9] . Furthermore, several studies reported the applicability of cellulose for culturing cells (hepatocyte, chondrocyte, stem cells) and implantation (bone and cartilage development) [7, [10] [11] [12] [13] .
The bacterial cellulose (BC) secreted by Gluconacetobacter xylinus is chemically identical to plant cellulose but has different macromolecular properties and structure [14] [15] [16] [17] . The cellulose secreted by these bacteria is a pure nanofibre network, which has high crystalinity, wettability, mechanical strength, in situ moldability and permeability for liquids and gases. Furthermore, it is simple to produce [18, 19] . These characteristics make BC an excellent material for tissue engineering constructs. Indeed, its potential application as skin substitute for temporary covering of wounds and ulcers, dental implants, scaffold for tissue engineering of cartilage, nerves and blood vessels has been investigated [14, 15, 20, 21] . Furthermore, BC nanofibres seem to be a good material for biomedical applications since its toxicity has already been evaluated in our previous work, using in vitro assays [6] , showing good biocompatibility and no evidence of genotoxicity.
In spite of cellulose-based materials being generally considered biocompatible, showing only a negligible foreign body and inflammatory response in vivo [10] , several parameters must be evaluated as to assess the biocompatibility of an implanted material. Among them, the type and degree of inflammatory and immune response, disintegration, resistance and longevity of the implants in the host tissue have to be taken in consideration [22, 23] . In this work, the biocompatibility of two different types of BC grafts was analyzed in a long-term approach. Moreover, the biocompatibility of BC nanofibres subcutaneously implanted in mice was also evaluated, including possible effects in lymphopoiesis. 
Materials and Methods

Production of Bacterial Cellulose
The pellicles of BC were produced by Gluconacetobacter xylinus ATCC 53582 (BC-1) and ATCC 10245 (BC-2) strains, cultured in Hestrin-Schramm medium [24] , in 96-well polystyrene plates (250 µl/well), for 4 and 7 days, respectively, at 30 • C in static culture. The membranes were purified using 2% sodium dodecyl sulfate (SDS) overnight, washed with distilled water until the complete removal of SDS and immersed in a 4% NaOH solution, shaking for 90 min at 60 • C. After being neutralized, the pellicles were autoclaved in phosphate-buffered saline (PBS) and stored at 4 • C. The BC nanofibres were produced according to Moreira et al. [6] .
Scanning Electron Microscopy
The BC samples were sputter-coated with gold and examined by scanning electron microscopy (SEM). The analyses were performed on a scanning electron microscope (Leica S 360). CryoSEM was performed using a microscopy Model Gatan Alto 2500. Samples were fronzen in liquid nitrogen, cut to expose the BC-cells interface, and observed at −150 • C.
Animals
The in vivo biocompatibility studies were performed using male BALB/c mice (8 weeks old) purchased from Charles River. 
Subcutaneous Implantation
The BC implants were surgically implanted subcutaneously, without fixation, in the back of the mice with each mouse receiving two implants (BC-1 n = 48; BC-2 n = 80). The mice were anesthetized by an intramuscular injection of a ketamine (Imalgene 1000, Material) and xylazine (Rompun 2%, Bayer Healthcare) mixture, at a 50 and 10 mg/kg dose, respectively. The hair was removed and two small incisions were made in the skin as bilateral subcutaneous pockets along the backbone where the BC discs were implanted. Finally, the incision pockets were closed with stitches. The control animals received no implants. At least two animals were used for each post-implantation period analyzed (1 week, 1, 3, 5, 7 and 12 months). The aspect of the wound and the presence of oedema were evaluated before removing the implants. The implants were removed with the surrounding tissue to prevent damage to the tissue-implant interface, and immersed in formaldehyde for later histological evaluation. The BC nanofibres were injected subcutaneously in 18 animals, divided into two groups (2 and 4 months post-implantation). Each animal received a 300-µl injection of nanofibre solution (1 mg/ml) on each side of the back, and for the control 300 µl of physiological saline was used. After 2 and 4 months post-implantation, the animals were killed. Blood was sampled by cardiac puncture for blood analysis. Skin surrounding the injection sites and internal organs (liver, spleen, small intestine and mesenteric lymph nodes) were collected for histological analysis.
Flow Cytometry
For flow cytometry analyses, bone marrow cells from femurs and the thymus were collected, washed and ressuspended in PBS, supplemented with 1% BSA and 10 mM sodium azide. Flow cytometric analysis was performed in a FACScan with the CellQuest software (BD Biosciences), using the following antibodies: FITCconjugated rat anti-mouse IgM (Pharmingen), FITC-conjugated rat anti-mouse Ly-6E and Ly-6C (Pharmingen), FITC-conjugated rat anti-mouse CD4 (Pharmingen), PE-conjugated rat anti-mouse CD8a (Pharmingen), PE-conjugated anti-mouse CD45R/B220 (Pharmingen), PE-conjugated anti-mouse CD11b (eBioscience). Dead cells were gated out through propidium iodide incorporation.
Histological Analysis
All samples were fixed in 10% neutral buffered formalin for 24 h and paraffin embedded. 4-µm thick sections were used for hematoxylin and eosin (H&E) staining. Slides were examined under a light microscope (Nikon E600); measurements and photographs were obtained with a digital camera (Nikon DS-5M).
Results
BC Morphology
The SEM images of the BC membranes produced by the two strains used in this work ( Fig. 1 ) exhibit structural differences. BC-1 has a more compact network while BC-2 has a highly porous structure. In addition, the BC-1 membranes obtained in the static culture present, as previously described [8] , a more compact surface on the BC-air interface. The BC structure seemed to influence cell invasion and the implant's behaviour along time. The Cryosem results shows the compact a porous side of BC-1 membranes, and as can be seen in Fig. 1e and 1f, the compact side presents aggregated fibrillar structure, while in the porous side, fibres are more dispersed, and the structure have a higher porosity.
BC Long-Term Biocompatibility
On gross examination, the BC implants maintained their shape, but internal fissures lined with migrating mesenchymal cells were evident histologically. No clinical signs of inflammation were present at the incision sites. Cell in-growth was consistently more extensive on the BC-1 porous side ( Fig. 2) , where cells presented a spindle-shaped form. Integration with the host tissue was occasionally observed over time, with both materials evaluated; the tissue-implant interface being multi- focally obscured by incoming cells (Fig. 2) . While with BC-1 cellular penetration was more intense through the porous side of the implants, in the case of the BC-2 cells penetrated deeply through both sides of the implants. BC did not elicit a foreign body reaction, and only a thin fibrous layer was formed. The membrane thickness showed differences between the two materials, ranging from 4 to 10 µm for BC-2 and 5 to 60 µm for BC-1. A mild, acute inflammation characterized by moderate oedema and increased numbers of neutrophils and less macrophages inside and around the implants was observed initially. From ter 3 months, the macrophages, fibroblasts and endothelial cells were predominantly found in the implants. Table 1 summarizes the qualitative scores regarding different aspects of the biological reaction to the implants, with time, including calcification, inflammation, presence of blood vessels, and kind of cells observed. Newly formed blood vessels were observed next to the implants. In a few cases (mostly with BC-2 implants) blood vessels were also present inside the implants, although they did not reach the middle of the implant. Calcification inside BC was observed in many cases (Table 1) , as shown in Figs 3  and 4 . In the case of BC-2 calcification occurred, sporadically, 3 months postimplantation and earlier and consistently 1 month post-implantation in the case of BC-1. The calcification localization differed between the two types of implants: BC-1 implants calcified more heavily in the periphery, whereas the calcification of BC-2 was spread through the middle of the implant.
BC Nanofibre Biocompatibility
All animals implanted with cellulose nanofibres survived and showed a normal development within the time-course of the experiment. There were no significant changes in body weight between the implanted animals and control, nor did any animal show clinical signs of inflammation at the injection sites (data not shown). Histological examination showed a mild, chronic inflammatory process associated with injection sites on nanofibre-exposed mice. At 2 and 4 months post-implantation, nanofibres were present in subcutaneous foamy macrophages aggregates ( Fig. 5a  and 5c ) as an abundant, lightly basophylic, intracytoplasmic, amorphous material ( Fig. 5b and 5d) . In some instances, nanofibres were still present as extracellular deposits surrounded by numerous foamy macrophages engaged in phagocytosis. Small, multifocal, peripheral, lymphoid aggregates and occasional mast cells were also present. Histological analysis of internal organs (small intestine, liver, spleen) showed no differences between implanted and control animals.
To assess the effect of BC nanofibres in leukocyte haemopoiesis, the proportion of different leukocyte cell populations was analyzed by flow cytometry in the thymus and bone marrow. As shown in Table 2 , no significant alterations in the proportions of thymic double-positive (CD4 + CD8 + ), or single positive (CD4 + and CD8 + ) cells were observed in the implanted animals, comparatively to controls, at the time-points analyzed. As also shown in Table 2 , no significant effect of nanofibre implants was observed in B-cell lineage populations in the bone marrow, as assessed in both pre/pro B (B220 + IgM − ), and B immature/mature (B220 + /IgM + ) cells. Furthermore, the proportion of bone marrow myeloid/granulocytes cell population (CD11b + /GR1 + ) was also not different from that of controls 2 and 4 months after nanofibre implant. Altogether, these results indicate that no significant effect in leukocyte haematopoiesis was caused by the implanted BC nanofibres (NFs). 
Discussion
Biocompatibility is one of the main requirements of any biomedical material and can be defined as the ability to remain in contact with living tissue without causing any toxic or allergic side-effects [1] . BC is generally considered a biocompatible material, although, to our knowledge, only two papers reported the study of the fate of sub-cutaneous BC implants in vivo; in these cases, the studies were conducted for relatively short periods (up to 12 weeks). In this work, the fate of implanted BC along much longer periods of time (up to 1 year), possible differences associated to the structure (namely porosity) of the material and possible toxicity effects related to BC nanofibres were analyzed. As expected, the BC implants in the present experiment did not elicit a foreign body reaction. Only a thin capsule was formed over time, its thickness depending on the kind of implant (BC-1 implants elicited a stronger encapsulation than BC-2). The inflammatory reaction caused by the implants was mild and did not cause any complications. In the first weeks, the cells colonizing the implants were mostly neutrophils and macrophages. However, over time, macrophages became predominant over neutrophils, and fibroblasts and endothelial cells were the main cell types within the implants, although blood vessels were restricted to the implant's periphery. Integration with the host tissue was multifocally present, in areas where incoming cells obscured. These results are in agreement with Helenius et al. [8] who implanted BC subcutaneously in mice, for a period of up to 12 weeks. No signs of chronic inflammatory reaction or capsule formation were verified in that case, and the formation of new blood vessels around and inside the implants was observed [8] . In another work, Mendes et al. [23] subcutaneously implanted BC was shown to be non-resorbable and capable of inducing a mild inflammatory response. The authors observed no inflammatory infiltrate at 60 and 90 days post-surgery. The angiogenesis was markedly reduced and the connective tissue surrounding the membrane was mature [23] . Data represent cell percentages (mean In this work, the structural differences between BC produced by the different G. xylinus strains determined the cell behaviour in the implants. In the case of BC-2 membranes, cells were able to migrate into the inner membranes and colonize their full extent. In the case of BC-1, cell migration was conditioned by the tight pores, and by the compact and soft sides, cells being unable to reach the inner portion of the implants. As described by Helenius et al., our results indicate that the magnitude of cell in-growth seems to be dependent on the porosity of BC, cell migration declining where the material is denser [8] .
In this study, in contrast to earlier reports referred, BC calcification was, for the first time, observed. This type of calcification may be due to the occurrence of cell death inside the BC structure. Cell death results in an acid environment in the implant, conducive for the mobilization and concentration of calcium. The tentative explanations of biomaterials calcification assign the main cause to dead cells. According to this hypothesis, the accumulation of calcium deposits originates from the cells or tissues that have degenerated or become necrotic [25, 26] . However, some authors showed that, even without direct contact with cells, calcification of biomaterials occurs through the formation of a protein-calcium complex layer on the surface of biomaterials, this being the key event in biomaterial calcification [27, 28] . Furthermore, Rosanova et al. [28] suggested that the formation of calcium deposits occurs by the adsorbed protein molecules, which bind Ca 2+ ions from surrounding media; alternatively, Ca-protein complexes forms at the biomaterial/blood interface and adsorbs onto the surface.
This work provides clues regarding the factors influencing BC calcification. The porosity and time of implantation are factors that seem to influence calcification, considering that the two BCs used presented different calcification patterns (peripheral versus diffuse). Calcification only occurred in the implants where cells were present, preferentially in the interior of the implant, and at different times according to the type of cellulose. The findings suggest that the differences in membrane size and the longer observation period compared with previous studies [8, 23, 29] may have led to different observations in our study.
Nanofibres
Nanofibre matrices are well suited to tissue engineering: (1) as scaffold that can be fabricated and shaped to fill anatomical defects; (2) its architecture can be designed to provide the mechanical properties necessary to support cell growth, proliferation, differentiation and motility; (3) and it can be engineered to provide growth factors, drugs, therapeutics and genes to stimulate tissue regeneration. An inherent property of nanofibre scaffolds is that they resemble some features of the extracellular matrices, also a network of nanometer-sized biomacromolecules [30, 31] . Furthermore, its nanoscale dimension can provide tensile strength and elasticity for the tissues [4] . Although BC is not expected to be resorbable, some authors show evidence that amorphous BC may undergo degradation in vivo. Thus, the possibility that nanofibres may be released from implanted made materials cannot be ruled out, hence, the need to study the toxicity of BC nanofibres. Indeed, since the nanomaterials have unusual properties, not found in the bulk material, such as high surface reactivity and ability to cross cell membranes, concerns about their safety and toxicology emerged [6] . The impact of nanostructural features in the interaction of a material with cells and tissues is dependent on the size, chemical composition, surface structure, solubility, shape and on the supramolecular structural organization [5, 6] . In this context, the toxicity of nanoscale substances has been studied since it is known that carbon nanotubes and asbestos are nanoscale materials with carcinogenic potential [32] [33] [34] . Moreira and co-workers presented the first evaluation of the potential genotoxicity of BC nanofibres and showed that BC NFs did not present genotoxicity in vitro [6] . However, an in vivo study is still missing and it is well known that with the in vitro systems there is no possibility to evaluate secondary inflammatory effects [6] . Some studies with cellulose fibres described the biological effects of this type of material in animal studies. Cellulose fibres tested in vivo showed no adverse health effects when chronically ingested, but when present in the intraperitoneal region can cause mesothelioma in rats, and when inhaled, have the potential to accumulate and induce pathological changes in the lung [35] [36] [37] . In this work, most injected nanofibres remained in macrophage aggregates in the subcutaneous tissue and did not cause any visible abnormalities, neither in the host adjacent tissue, nor in the abdominal organs. These results are in agreement to studies conducted with carbon nanotubes and carbon nanotubes/polycarbosilane composites, which were implanted in the subcutaneous tissue of rats and showed no acute inflammatory response, such as necrosis. In addition, the carbon nanofibres were internalized by the macrophages and foreign body giant cells, which were found in the implants local [38, 39] .
Systematic analyses of nanomaterials biocompatibility are essential to the use of these structures in tissue-engineering applications. The in vivo systemic effects of nanomaterials were studied by some authors, for instance, activated carbon fibres and asbestos implanted subcutaneously in mice were analyzed by Koyama and co-workers, who found that asbestos-implanted tissue showed a severe inflammatory reaction and formation of abscess-like mass in the implanted tissue along with low values of peripheral blood CD4 + and CD8 + T cells [40] . Koyama also showed the relative low toxicity of different types of carbon nanotubes, subcutaneously implanted in mice. The carbon nanotubes gave rise to several characteristic time-dependent changes in CD4 + and CD8 + T-cell values [3] . Furthermore, it was shown that the inhalation of asbestos has adverse effects in leukopoiesis in mice, leading to a depression of the number of bone marrow pluripotent stem cells and marrow granulocyte macrophage progenitors [41] . In our work, the absence of BC nanofibres toxicity in vivo was further evidenced by the absence of observed disease features in mice. tive (CD4 + and CD8 + ) cells, B-cell lineage populations and myeloid/granulocytes cell population (CD11b + /GR1 + ) were observed in the bone marrow, in the implanted animals comparatively to controls. Therefore, these results indicate that BC nanofibres did not cause a significant inflammatory response and can be considered an innocuous material in vivo, suitable for tissue-engineering applications.
Conclusions
BC is considered a great material to implants with good biocompatibility characteristics. However, our work points to the necessity to further investigation to verify the tendency of BC to calcify in long-term in vivo circumstances. Porosity is likely to be the main limitation for a widespread colonization of the material, allowing for proper tissue integration and the production of neo-tissues with excellent mechanical properties. The calcification detected in this work seems to be mainly dependent on the material's porosity and on the exposure period. Although calcification is an undesirable fate for such a biomaterial, it should be remarked that such events may be dependent on the tissue where the biomaterial is to be placed. On the other hand, a proper porosity allowing angiogenesis and adequate nutrients supply to the cells may avoid the calcification processes. BC nanofibres seem to be an innocuous material in mice subcutaneous tissue, and have been proven to be an eligible material to production of tissue-engineering grafts. 
